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In an effort to understand the initiating step in metastable-ion decay of UV matrix-assisted
laser desorption/ionization (MALDI)-produced ions, we conducted experiments in which we
exchanged all active protons for deuterons of tetrameric and hexameric oligodeoxynucleotides.
We wish to address the controversial proposal that in the negative-ion mode, as in the
positive-ion mode, fragmentation is driven by nucleobase protonation. The results show
unambiguously that proton transfer, leading to zwitterion formation, charges a nucleobase
prior to its elimination. The zwitterion formation directs fragmentation of both positive and
negative oligodeoxynucleotide ions. Poly-T-rich oligodeoxynucleotide tetramers show surpris-
ing differences in the negative compared to the positive-ion mode, as thymine is preferentially
expelled, instead of a nucleobase with higher proton affinity. For the exceptional case of
negatively charged poly-T-rich oligodeoxynucleotide tetramers generated by MALDI, we
propose that zwitterion formation with positive charging of a nucleobase leads to base
stabilization in the negative-ion mode through an interaction of the positive nucleobase with
the excess negative charge. Moreover, backbone cleavages (accompanied by H rearrangement)
of a phosophodiester bond give first-generation products that can be traced back to this
tripolar complex bearing one positive and two negative charges, all of which may be
interacting. (J Am Soc Mass Spectrom 2001, 12, 180–192) © 2001 American Society for Mass
Spectrometry
The continuing improvement of both instrumenta-tion and preparation/purification techniques hasled to a remarkable increase in the applications of
mass spectrometry (MS) for DNA determinations. In
clinical diagnostics, mass spectrometry is currently not
competitive with de-novo sequencing; nevertheless
mass spectrometry is a fast, accurate, and sensitive
method for sequence verification of short oligomers.
Both electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) approaches have
been developed to allow screening of samples for
mutations and to detect SNPs (small nucleotide poly-
morphism) [1–6].
The accessible mass range is limited for both ionization
methods. The two most commonly employed mass ana-
lyzers used for ESI, quadrupoles, and ion traps have an
m/z range of less than 4000. This limitation can be over-
come by multiple charging of the analyte ions. Multiple
charging, however, complicates the mass spectrum, espe-
cially when mixtures are analyzed. For MALDI coupled to
time-of-flight (TOF) analyzers, the mass range is not
instrument limited but sample limited to approximately
50 nucleotides (nt) in routine determinations with a mass
resolving power of ;1000 FWHM (full width at half
maximum) for up to 50 nt. The resolving power for
determination of oligodeoxynucleotides exceeding 80 nt
in length is 60–20 (FWHM) [7]. The reason for the de-
crease in resolving power for increasingly large oligode-
oxynucleotides is the high affinity of DNA for metal
cations and the marked fragmentation of this analyte class
under UV-MALDI-MS conditions. Heterogeneous-adduct
formation and peak broadening caused by metastable-ion
decay reduce the signal intensities and the mass resolving
power. Applying suitable preparation and purification
techniques can reduce cation attachment, which is also a
problem for analyses for ESI.
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Facile fragmentation, on the other hand, is an inher-
ent characteristic of the MALDI process for this analyte
class. Fragmentation increases with the length of the
oligodeoxynucleotide, and its extent depends on the
matrix and laser wavelength [8–12]. When 3-hy-
droxypicolinic acid (HPA) [13] is used as the matrix, an
oligodeoxynucleotide undergoes minimal fragmenta-
tion. Compared to the use of 2,5-dihydroxybenzoic acid
[11, 14], both prompt and metastable-ion fragmenta-
tions are greatly reduced. When HPA is used with
linear TOF analyzers, the extent of metastable-ion decay
can be decreased, but as the size of the oligodeoxynucle-
otide increases, peak broadening again occurs, decreas-
ing signal intensity and mass resolving power.
Several assays have been developed to overcome the
mass limitation by using short oligodeoxynucleotides
as the information source. Examples are PROBE (primer
oligo base extension) [2] and the PinPoint assay [4].
Increasing the accessible mass range combined with an
improved mass resolving power for MALDI-MS, how-
ever, would be a step forward, increasing both the
quality and the number of applications.
To prevent fragmentation or to invent strategies to
overcome its effects, we must understand the initiating
steps. There are strong hints that proton transfer to a
nucleobase drives oligonucleotide fragmentation, pos-
sibly leading to successive backbone cleavages. For
example, the order of nucleobase stability, T (U) .. C .
A, G [8, 9, 15], and T .. A . C, G [11], correlates with
the gas-phase proton affinities (PA) of the nucleobases
in mononucleotides: T (224.9 kcal mol21) , C (233.2
kcal mol21) ’ A (233.6 kcal mol21) , G (234.4 kcal
mol21) [16]. Furthermore, oligonucleotides containing
7-deaza-adenosine and -guanosine possess a higher
stability than unmodified nucleobases [17, 18]. The
stability is attributed to blocking of the protonation sites
of the nucleobase, which are predominantly N3 in C, N1
in A, and N7 in G [19]. Furthermore, oligothymidylic
and oligouridylic acids are more stable than RNA,
presumably because the propensity for protonating T
and U is poor. RNA is substantially more stable than
DNA [9], because electron withdrawal by the additional
hydroxyl group counteracts the polarization of the
N-glycosidic bond that occurs when the nucleobase is
protonated.
These observations offer some basis for building an
understanding for DNA fragmentation, but they do not
provide a definite proof for the initiating role of nucleo-
base protonation. We recently investigated the metasta-
ble-ion decay of positively charged DNA 4-mers [20] to
answer whether proton transfer to the nucleobase is the
key event. For this purpose, we used deuterium label-
ing, which was achieved by exchange with a deuteron
of every active proton of both the analyte and the
MALDI matrix. The utility of deuterium labeling cou-
pled with mass spectrometry was demonstrated by
Phillips et al. [21], who elucidated the fragmentation of
dinucleotides desorbed into a mass spectrometer by fast
atom bombardment.
The post-source decay (PSD) spectra of deuterium-
labeled, tetrameric oligodeoxynucleotides in the posi-
tive-ion mode revealed unambiguously that every frag-
mentation, except losses of water and of 39- and 59-
terminal nucleoside/nucleotide, could be attributed to
an initial loss of a nucleobase [20]. The nucleobase is
protonated/deuterated before the N-glycosidic bond is
cleaved, and when expelled, a positively charged prod-
uct ion that can undergo further decomposition is left
behind. Moreover, deuterium labeling revealed frag-
mentation cascades rather than individual fragmenta-
tion events. In these cascades, the losses of the 59
phosphate group and the sugar moiety follow that of
the neutral base. The excess positive charge is trans-
ferred in these processes from one nucleobase to an
adjacent one.
In the negative-ion mode, there is some evidence that
protonation of a nucleobase by the 59 adjacent phos-
phate group occurs with zwitterion formation (the
zwitterion makes up two thirds of the charge of a newly
formed tripolar species). With oligodeoxynucleotides
showing comparable stability in both ion modes, the
nature of fragmentation in the negative-ion mode be-
comes of high interest. Different fragmentations of
DNA in the two ion modes would require different
stabilization strategies, and several articles [21–23] ad-
dress oligodeoxynucleotide fragmentation in the nega-
tive-ion mode; the reader is referred to [7] for details.
The mechanism for loss of the nucleobase directly or
in the formation of an [a 2 B] ion becomes of high
interest. McLuckey et al. [22] proposed a 1,2 elimination
reaction. Rodgers et al. [24] proposed that the nucleo-
base is lost in a 1,2 elimination: the nucleobase is
released as an anion, and the adjacent 39 phosphate
group (carrying one of the two excess charges) facili-
tates this process by abstracting a 29 H from the deoxyri-
bose (Scheme 1a). The nucleobase anion then forms an
ion–dipole complex with the remaining oligonucleo-
tide. Wang et al. [25], in an investigation of T-rich tetra
and pentamers in the negative-ion mode, proposed that
H1 transfer to a nucleobase occurs from an adjoining
phosphate (zwitterion formation) (Scheme 1). This
mechanism contrasts with the 1,2 elimination and the
ion–dipole reaction and can be distinguished by deute-
rium labeling in which all the exchangeable hydrogens
are replaced by deuterium. For such an exchanged
species, zwitterion formation would lead to loss of only
deuterated neutral base (BD). The 1,2-elimination pro-
posed by McLuckey et al., on the other hand, would
lead to loss of BH. The mechanism involving an ion
dipole would lead to loss of BH, or in the case of fast
intramolecular H/D exchange, to loss of BH and BD.
To investigate further these mechanistic questions,
we designed a UV-MALDI-PSD study in which we
exchanged all active protons for deuterons and mea-
sured the metastable-ion decompositions of singly
charged oligodeoxynucleotides in the negative-ion
mode prior and after deuteration. We also investigated
the same set of oligomers by using ESI coupled to an ion
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trap, and those results are presented in the accompany-
ing article [26]. We chose T-rich constructs so that the
fragmentation would be simple and would occur prin-
cipally on the non-T part of the molecule where we can
introduce preferred reaction sites into the sequence. We
chose tetramers because they are the shortest oligomers
that allow us to differentiate between the fragments
containing either terminus for asymmetric structures.
The results will permit comparisons of fragmentations
occurring in both ion modes, taking advantage of our
previous investigation of the MALDI PSD of deuterated
tetramers in the positive-ion mode. In addition, we
extended the research to the decomposition of hexam-
eric oligodeoxynucleotides to see if the mechanisms
pertain to larger oligomers.
Experimental
Instrumentation
A Voyager DE-RP (Applied Biosystems, Framingham,
MA) was the MALDI-TOF instrument. Both positive
and negative ions were desorbed with a N2 laser (337
nm) and accelerated with a total potential of 25 kV.
Delayed ion extraction was applied with a switched
voltage of 6.25 kV and a delay time of 200 ns. The PSD
spectra were acquired after the precursor ion was
selected and the laser power was increased. The instru-
ment had a single stage reflector and effective path
length of 2.0 m.
Sample Preparation
The tetrameric oligodeoxynucleotides of the sequence
d(TATT), d(TCTT), d(TCGT), d(TGCT), d(GTTT),
d(TGTT), d(TTGT), and d(TTTG) were prepared at the
Nucleic Acid Laboratory of Washington University (St.
Louis, MO). The unmodified hexameric oligode-
oxynucleotides of the sequence d(TCTTGT) and
d(TGTTCT) and the modified 6-mer d(TGp*TTCT)
bearing a methylphosphonate group on the backbone
(abbreviated with p*) were from Integrated DNA Tech-
nologies (Coralville, IA). The other phosphonate-con-
taining oligomers, d(Tp*GTTCT), d(Tp*Gp*TTCT),
d(TGTp*TCT), and d(TGTTp*CT), were purchased
from Interaktiva (Ulm, Germany). All oligodeoxynucle-
otides were used as ammonium salts after HPLC puri-
fication, and sufficient quantities were dissolved in
Millipore water to give a concentration of 100 pmol/mL.
Deuterium oxide (D2O, 99.9% pure) was purchased
from Cambridge Isotope Laboratories (Andover, MA)
and used without further purification. The matrices
were a-cyano-4-hydroxy-cinnamic acid (ACCH) and
3-hydroxypicolinic acid (HPA). ACCH was obtained
from Sigma (St. Louis, MO) and used as a saturated
solution in 50% acetonitrile in Millipore water for
MALDI with native (unexchanged) materials and in
50% acetonitrile in D2O for the deuterated samples.
HPA was purchased from Sigma (St. Louis, MO) and
was used as a 50 g/L solution in 15% acetonitrile in
Millipore water or in 15% acetonitrile in D2O for deu-
teration experiments.
The sample preparation for the native compounds
was as follows: 1.5 mL of matrix solution was mixed
with 0.5 mL of analyte solution on the sample target and
allowed to dry in a cold air stream. To avoid back
exchange with moisture from the ambient air, every
step involving deuterated compounds was performed
under a nitrogen atmosphere. For this purpose dispos-
able glove bags, which were continuously flushed with
nitrogen, were used for dissolving samples and matri-
ces in D2O. Furthermore, a disposable glove bag was
attached to the introduction port of the mass spectrom-
eter, allowing a convenient sample preparation, on-
target deuteration, and H2O-free target introduction
into the mass spectrometer. Because the D2O contained
only minor amounts of cations, no purification with
cation exchange beads was necessary [20]. The protocol
for on-target deuteration by Spengler et al. [27] was
changed as follows: the matrices, as well as the analytes,
were dissolved in D2O and vacuum dried (using N2 for
ventilation of the centrifuge chamber), and the process
was repeated three times. These deuterated compounds
were then transferred to the glove bag attached to the
mass spectrometer, and the sample spot was prepared
on the support. These spots on the MALDI plate were
dried under the nitrogen stream used for flushing the
glove bag. For achieving deuteration rates .98%, the
sample, located on the sample plate, was dissolved in
D2O, dried, and the process repeated three times. A
solution of 15% acetonitrile in D2O was helpful for
dissolving the matrix-analyte crystals and facilitating
the drying.
Data Acquisition and Mass Calibration
The purity of all samples was checked by standard
MALDI-MS before PSD experiments were performed.
In the case of deuterated samples, it was confirmed that
the deuteration extent was .98% before the PSD spec-
tra were acquired. The deprotonated or protonated
molecular species of a given oligodeoxynucleotide were
chosen by precursor ion selection. One PSD spectrum
consisted typically of 14–16 subspectra obtained at
reduced reflector voltages for negative ions, and of
20–30 spectra of positive ions. In general, 100–200
single-shot spectra were averaged to give one spectrum
at a given reflector voltage. A lower mass limit of 300 to
600 Da, depending on the precursor m/z of negatively
charged PSD ions is inherent to the instrument and is
the reason for the decreased number of PSD windows
acquired.
Calibration of the spectra was performed with the
software provided by PerSeptive Biosystems and based
on the mass of the protonated/deprotonated precursor
ion, resulting in a mass accuracy of ;0.5 Da for frag-
ments obtained by using the matrix ACCH. In the case
of HPA, however, mass accuracy was slightly decreased
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to ;0.8 Da, caused by the higher laser fluence needed to
generate PSD fragments for DNA 4-mers. The theoret-
ical masses of the native and of the deuterated samples
and fragments were calculated with the nuke software
[28].
Results and Discussion
The research strategy is to study similarities and differ-
ences in metastable-ion fragmentations of positive and
negative ions of small oligodeoxynucleotides. The tool
for the research is PSD of MALDI-produced ions. Those
ion-abundance measurements of deuterium distribu-
tions should be precise and accurate. We do not rely,
however, on abundances of ions of a wide m/z range in
the PSD experiment, and, therefore, do not compile for
comparison full product-ion spectra. For the first set of
experiments, we chose the same T-rich tetramers that
we had already studied in positive-ion mode. The
hypothesis is, as for the positive ion mode, all losses of
(neutral) bases would be initiated by a charging (pro-
tonation/deuteration) of the base. In the negative-ion
mode, this requires zwitterion formation, whereas zwit-
terion formation was highly suggestive, but not a nec-
essary prerequisite for base charging in the positive-ion
mode. The negative tetramers undergo a preferential
loss of T, which has a low PA, rather than that of A, G,
or C, which have higher PAs. The anions also show a
significantly lower fragmentation yield at comparable
laser fluences than do positive ions.
The preferential loss of T is not observed for the
hexameric sequences studied, but is a feature of the
special T-rich tetramers. ACCH was used as a matrix in
addition to HPA in many experiments to counteract the
lower fragment yield of the tetramers and of deuterated
samples. Fragmentation patterns were comparable
when using both matrices for the native and deuterated
samples. Mass resolving power and mass accuracy
(typically 60.5 Da) in the PSD spectra were sufficient to
determine unambiguously the degree of deuteration of
the fragments.
DNA 4-mers—Base with High PA at Position 2
All DNA 4-mers with a high-PA base at position 2,
d(TATT), d(TCTT), d(TGTT), show a similar fragmen-
tation pattern [see Table 1 for d(TGTT)]. The complete
exchange of active hydrogens allows one to differenti-
ate fragments generated in different generations (for
details see [20]). The striking difference for ions of
different polarities lies in the nature of the base loss. For
positive ions, the base lost is either A, C, or G (as
observed for the respective [M 1 H 2 BH]1 and
[BH 1 H]1 ions), whereas for a negatively charged
precursor, the loss is of T [illustrated with d(TGTT) in
Figure 1] is favored. Because MALDI-PSD has only one
level of MS/MS capability, it is not possible to deter-
mine which T within the sequence is lost. The afore-
mentioned low-mass cutoff precludes observation of
deprotonated bases [B]2. Nevertheless, the deuteration
experiments provide convincing evidence that T is
charged by a deuteron before the N-glycosidic bond is
cleaved, as can be clearly depicted from the number of
deuterons in the product, [M 2 H 2 TH]2 (i.e., 8 D for
the zwitterion formation, 9 D for 1,2-elimination).
The most likely zwitterion to form is one in which
the high-PA base is protonated. The resulting dipole
will attract the second (excess) negative charge to give a
structure with a positively charged base and two neg-
ative charges on the two adjacent phosphate groups.
These two negative charges stabilize the N-glycosidic
bond of this high-PA base. In a next, less likely step, a
second zwitterion is formed involving one of the re-
maining T-bases, which is subsequently lost (Scheme
1b). In support of this model, we note that an exclusive
loss of T also occurs for the two 4-mers with two
Table 1. The calculated monoisotopic masses of the native and deuterated fragments of d(TGTT) are given and compared with the
experimentally determined ones. Fragments of low abundances are labeled with an asterisk. Double asterisks refer to poorly resolved
signals and n.o. is “not observed.” A scheme is given to illustrate the McLuckey [22] nomenclature for the fragments
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adjacent non-T bases (vide infra). In this case, either
both bases form zwitterions, which are stabilized by the
three negative charges on the backbone, or by only the
59 high-PA base, and the excess negative charge on the
39-phosphate, prevents the neighboring high-PA base
from forming a zwitterion. In the latter case, the 39
terminal T will be lost after zwitterion formation. The
model also explains the unexpectedly low fragmenta-
tion yield of these constructs as a result of the low PA of
the nonstabilized T-base.
Another striking difference in the fragmentation of
negative and positive ions is the number of negative
PSD fragments produced in the first generation: exam-
ples are d1/w1, c1/x1, x2, w2, c2, d2, and b3/y3. At first
glance, these ions are formed by a one-step cleavage of
the phosphodiester bond (with accompanying H rear-
rangement), but not in two steps, the first being loss of
a nucleobase. Considering the possibility of zwitterion
formation of G and the interaction of the two negative
charges with the positively charged nucleobase, how-
ever, we see that the precursor ion is trapped in a
restricted, unfavorable structure. Even with only tran-
sient zwitterion formation, the base itself would be
stabilized, but the DNA 4-mer would be put under a
large amount of steric strain. Therefore, backbone cleav-
ages occurring adjacent to these constraints should be
likely, as is illustrated in Scheme 2.
The masses of the deuterated fragments d3/w3, c3/
x3, a3/z3, [a3 2 B3], and w2 indicate that they are at least
second generation. Although the ion [M 2 D 2 GD]2
is not detected, the observation that w2 appears at m/z
627.6, 628.8, and 629.7, when formed from the deuter-
ated precursor, indicates that G loss must have pre-
ceded the w2 formation, leading to anion of m/z 627.6.
Only if G were deuterated prior to being lost as a
neutral can a hydrogen from position 2 of the deoxyri-
bose become exchangeable and a product ion be pro-
duced that carries only three deuterons [20]. Therefore,
the loss of base G may be hindered, but not fully
prevented, by stabilization of the two negative charges
on the backbone. The prevalence of the w2 ion over
[M 2 H 2 GH]2 is consistent with the results obtained
in the positive-ion mode. The possibility that ions of m/z
628.8 and 629.7 could be first-generation products,
however, cannot be excluded (see Scheme 2).
The d3/w3 are isobaric fragments that show a mul-
tiplicity of two after deuteration (m/z 961.1 and 962.0),
carrying one and two deuterons less than the maximum
possible for this fragment. Considering the results ob-
tained for d(GTTT) and d(TTTG), we propose that
d3/w3 is simply w3. For d(GTTT) and d(TTTG), the d3
and w3 ions are not isobaric and can be distinguished
by their m/z values. In both cases, w3 is a doublet after
deuteration, bearing one or two deuterons less than the
maximum number. For d(GTTT), the d3 ion is detected
in low abundance, represented by only one signal to
indicate that the ion has the maximum number of
deuterons. This suggests that w3 is also a second-
generation fragment for d(TGTT), probably arising
from loss of the 59-terminal base, although a loss of a
terminal nucleoside cannot be ruled out. Others previ-
ously reported terminal nucleoside and nucleotide
losses [12, 29–31], but the resulting product ion would
carry one deuteron less than when fully deuterated.
The fragment of m/z 936.0 (and after deuteration,
941.9, 942.8, with 942.8 having the maximum number of
D) is either the isobaric fragments [w3 2 H2O]/[d3 2
H2O], or the pair c3/x3, depending on the mechanism
(Scheme 3). The MALDI-PSD results, as well as the
evidence from the H/D exchange, do not prove
whether this ion is formed by one backbone cleavage
after loss of a terminal base, or whether it is created
from w3/d3 via water loss to give a metaphosphate
group at the respective terminus. The ESI results show
that this fragment ion is best described as c3/x3 [26].
The product a3/z3 is a singlet after deuteration, and
contains one deuteron less than expected for a first-
generation fragment. This ion may form following the
loss of base 4 (T) and would then be designated as a3. It
is also possible, in case of z3, that production of this ion
could follow that of w3. It is probable that a3 is the
precursor of [a3 2 B3], which carries one and two deuter-
ons less than possible for this fragment. The ion of m/z
Figure 1. UV-MALDI-PSD spectra of d(TGTT) in the negative-
ion mode with ACCH as the matrix. (a) Native material.
(b) Deuterated material.
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734.0 is 1 u less than expected for a second-order fragment.
This ion is, therefore, a third-generation product (Scheme
4).
DNA 4-mers—Base with High PA at Position 3
The fragmentation of d(TTGT) is similar to that dis-
cussed above (Table 2). For base loss, only the [M 2
H 2 TH]2 ion forms at low abundance. We attribute
this to the existence of a tripolar (triple charged) inter-
mediate, which is also feasible when the high PA base is
located at position 3 (Scheme 1). Interesting differences
apply for fragments w2 and [a3 2 B3] compared to
those for d(TGTT). The differences are clearly visible
after deuteration: w2 is a doublet of m/z 656.0 and 656.9
(the latter ion carries the maximum number of deuter-
ons), indicating it is a first-generation fragment. This is
consistent with the proposal that as the ion seeks
stabilization to accompany protonation of G, internal
strain develops, causing cleavage of the phosphodiester
bond in the first generation, and producing either fully
exchanged ions or those carrying one deuteron less than
the fully exchanged ion (Scheme 2). No w2 ion is
generated after loss of base 3 (T). Backbone cleavage
following the loss of G as a neutral base leads to
formation of [a3 2 B3], not w2. The product ions of m/z
708.0 and 709.0 show that some of the [a3 2 B3] ions are
second rather than third generation. The loss of G is the
first reaction that the precursor ion experiences, and the
subsequent backbone cleavage leads to formation of
[a3 2 B3].
DNA 4-mers—Base with High PA at the Terminus
Tetramers containing G at the terminal positions should
give a signal for the [M 2 H 2 GH]2 ion because no
second adjacent backbone phosphate is present to sta-
bilize the zwitterion. As can be seen in Figure 2, both
d(GTTT) and d(TTTG) fragment by loss of neutral G,
and the former also loses T. Again, the observed m/z
Scheme 1. (a) Loss of base via an ion–dipole complex and (b) zwitterion formation and loss of T.
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values require that G be deuterated before the N-
glycosidic bond is cleaved. Transfer of a proton (deu-
teron) to G from an adjacent 39 phosphate group for
d(GTTT) is less likely. Therefore, loss of T becomes
competitive. In addition, the rearrangement necessary
to stabilize the carbenium ion after the nucleobase is
cleaved is expected to be more facile if a 39 phosphate
group is adjacent. A rearrangement would be necessary
for subsequent backbone cleavages, leading to a longer
lifetime of an [M 2 H 2 B3H]
2 ion and, therefore, to
higher signal intensities in the mass spectrum.
The status of other fragments can be determined
from the deuteron content and multiplicity of signals
after deuteration. A few examples are discussed here;
Scheme 2. First-generation w2 ion.
Scheme 3. Generation of x3 compared to [w3 2 H2O].
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further information can be found in Tables 5 and 6. The
w3 ion appears as a doublet with masses that are 1 and
2 u less than the maximum mass possible after complete
exchange. Only d(TTTG) shows a signal for d3, and it is
fully deuterated. The ions c3 and x3 are only observed
for d(GTTT) and are first-generation fragments. The
[a3 2 B3H]
2 ion is detected for d(GTTT) as a second-
generation fragment (i.e., a doublet). For d(GTTT),
charge stabilization involving the base G with high PA
is not possible, and [a3 2 B3] is produced as a second-
generation product (fragments are given in Tables 3
and 4).
Scheme 4. Proposed fragmentation pathway for the generation of [a3 2 B3] via a3.
Table 2. List of the fragment ions observed in the PSD spectra of d(TTGT). Low-abundance fragments are designated with * and
“not observed” ions with n.o.
Monoisotopic native masses
D max
Monoisotopic deuterated masses
Fragment generationCalculated HPA expt. ACCH expt. Calculated HPA expt. ACCH expt.
303.0 n.o. 303.0* 1 304.1 n.o. 304.0* c1/x1 1
321.1 321.2 321.0 3 324.1 323.1; 324.1 324.0 d1/w1 1
328.1 328.2 328.0 4 332.1 331.1 331.0 d3 2 d2/w2 2 w1 2
481.0 481.2 481.1 3 484.1 n.o. n.o. c2 2 B2/X2 2 B3 —
607.1 607.1 606.9 3 610.1 610.4 609.8 c2 1
625.1 n.o. n.o. 5 630.1 630.4 n.o. d2 —
632.1 632.3 631.9 5 637.1 637.2 636.9 x2 1
650.1 650.3 650.0 7 657.1 656.2; 657.3 656.0; 656.9 w2 1
705.1 705.3 704.9 4 709.2 708.4; 709.3 708.0; 709.0* a3 2 B3 2
856.2 856.4 856.0 7 863.2 862.2; 863.6* 862.1; 863.2 a3/z3 2
874.2 874.4 874.1 8 882.2 882.4 882.1 b3/y3 1
936.1 936.4 936.0 7 943.2 943.0* 942.9 c3/x3 1
954.2 954.5 954.1 9 963.2 962.3; 963.2* 961.2; 962.3 d3/w3 2
1027.2 n.o. n.o. 6 1033.2 n.o. n.o. M 2 G —
1052.2 1052.5 1052.1 8 1060.2 1060.5* 1060.2 M 2 T 1
1178.2 1178.2 1178.2 10 1188.3 1188.3 1188.3 [M] 0
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DNA 4-mers—Two Bases with High PA
The oligodeoxynucleotides d(TGCT) and d(TCGT)
show the same fragmentation and deuteration patterns
as the tetramers containing only a single non-T base at
position 2 or 3 [see Table 5 for results for d(TGCT)]. The
formation of [M 2 D 2 TD]2, even though there are
now two bases that have high PAs and are located side
by side, is further evidence for stabilization of the
zwitterion. In addition, w2 and [a3 2 B3] are both
second-generation fragments, as is expected for an
oligodeoxynucleotide with two bases of high PA at
positions 2 and 3. An internal fragment involving base
3 is detected that can be described as [d3 2 d2/w2 2
w1]. This fragment is also observed for d(TTGT) and
seems to be dependent on position 3 within the se-
quence.
DNA 6-mers—Bases with High PA at Positions 2
and 5
Investigating DNA 6-mers has the inherent advantage
that two bases with high PA can be separated by Ts,
making stabilization by interaction of the zwitterion
with excess charge (i.e., the third charge site) no longer
effective. The results obtained for both positive and neg-
Table 3. List of the fragments observed in the PSD spectra of d(GTTT) Low-abundance fragments are designated with *, and “not
observed” ions with n.o.
Monoisotopic native masses
D max
Monoisotopic deuterated
masses
Fragment
generationCalculated HPA expt. ACCH expt. Calculated ACCH expt.
303.0 303.4 303.1 2 305.1 304.3 x1 2
321.0 321.3 321.0 3 324.1 n.o. w1 —
607.1 607.5 607.0 3 610.1 610.2 x2 1
625.1 625.4 625.0 5 630.1 629.1; 630.1 w2 1
632.1 632.6 632.0 5 637.1 637.1 c2 1
650.1 650.3* 649.9 7 657.1 657 d2 1
730.1 730.3* 729.9 6 736.2 735.1; 735.6 a3 2 B3 2
849.2 849.4 849.1 6 855.2 855.3 y3 1
856.2 856.6* 856.0 7 863.2 862.3 a3 2
874.2 874.5 874.0 8 882.2 882.3 b3 1
911.1 911.4 910.9 5 916.2 916.3 x3 1
929.1 929.4 929.0 7 936.2 934.3; 935.4 w3 2
936.1 n.o. 935.9 7 943.2 943.3 c3 1
954.2 955.0 954.3 9 963.2 n.o. d3 —
1027.2 n.o. 1027.0 6 1033.3 1033.3 [M 2 G] 1
1052.2 1052.3 1052.1 8 1060.3 1060.4 [M 2 T] 1
1178.2 1178.2 1178.3 10 1188.3 1188.31 [M] 0
Table 4. List of the fragments observed in the PSD spectra of d(TTTG) Low-abundance fragments are designated with *, and “not
observed” ions with n.o.
Monoisotopic native masses
D max
Monoisotopic deuterated
masses
Fragment
generationCalculated HPA expt. ACCH expt. Calculated HPA expt.
303.0 303.6 303.3 1 304.0 304.1 c1 1
346.1 346.4 346.0 5 351.1 351.1 w1 1
607.1 607.1 607.0 3 610.1 610.3 c2 1
632.1 631.9 632.1 5 637.1 637.1 x2 1
650.1 650.4 650.1 7 657.1 656.2; 657.2 w2 1
705.1 705.6 705.0 4 709.2 n.o. a3 2 B3 —
803.1 803.4* n.o. 6 809.1 n.o. d3 2 B3
831.2 831.0* 831.0* 5 836.2 835.4* a3 2
849.2 849.4* 849.1 6 855.2 854.6* b3 1
856.2 n.o. 855.9* 7 863.2 n.o. z3 —
874.2 874.3* 874.0* 8 882.2 882.5 y3 1
911.1 n.o. 911.2 5 916.2 n.o. c3
929.1 n.o. 929.0 7 936.2 935.7 d3 1
936.1 936.2 936.1 7 943.2 n.o. x3 —
954.2 954.4 954.1 9 963.2 961.4; 962.4 w3 2
1027.2 1027.2 1027.4 6 1033.3 1033.2 [M 2 G] 1
1052.2 n.o. n.o. 8 1060.3 n.o. [M 2 T] —
1178.2 1178.2 1178.2 10 1188.3 1188.1 [M] 0
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ative ions are similar for d(TCTTGT) and d(TGTTCT). The
same laser fluence was used to desorb and obtain PSD
fragments of both polarities. Signals for [M 6 H 2 CH]6
and [M 6 H 2 GH]6 were detected at low intensities.
With the matrix ACCH, an additional weak signal for
[M 6 H 2 TH]6 was observed. Again, the deuterium-
labeling results confirmed that the nucleobases are pro-
tonated/deuterated before being cleaved off as neutrals.
Because the two bases with high PA are separated by
more than one nucleotide in the sequence, only one
zwitterion can be stabilized by the excess charge. Further-
more, the comparable abundances of the [M 2 H 2 BH]2
ions are consistent with the similar PAs of C and G [16].
The ions w4 and [a5 2 B5] are of high abundance. For the
exchanged samples, three signals were seen correspond-
ing to ions that are fully exchanged and with m/z values
that are 1 and 2 u less than that of a fully exchanged
species. The multiplicity of three for w4 is in good agree-
ment with the data obtained for w2 ions of tetrameric
oligodeoxynucleotides when base 2 has a high PA. The
multiplicity of three observed for [a5 2 B5] from both
precursors suggests that the fragments are second gener-
ation. A prior loss of base 6, however, causing an addi-
tional proton to move to an exchangeable position, cannot
be excluded. We found additional fragments at low abun-
dancies for d(TGTTCT) when ACCH was used as matrix
(Table 6).
One particular fragment, the w3 ion, is striking and
deserves further discussion. The signal for w3 after
deuteration is a doublet, corresponding to the fully
deuterated species and another that is 1 u less. This is
remarkable because it implies that this fragment is first
generation. A tripolar complex involving either base 2
or base 5 should not affect the 59 terminal phosphate of
w3. This excludes severe steric strain for phosphate
number 3. The DNA 6-mer seems to break apart in the
Figure 2. UV-MALDI-PSD spectra of (a) deuterated d(GTTT) and (b) native d(TTTG). The matrix
was ACCH for both sequences.
Table 5. List of the fragments observed in the PSD spectra of d(TGCT). Low-abundance fragments are designated with *, poorly-
resolved signals with **, and “not observed” ions with n.o.
Monoisotopic native masses
D max
Monoisotopic deuterated masses
Fragment generationCalculated HPA expt. ACCH expt. Calculated HPA expt.
288.0 288.0 288.1 3 290.1 290.1 d3 2 d2/w2 2 w1 2
303.0 n.o. n.o. 2 305.1 n.o. c1/x1 —
321.1 321.1 321.1 3 324.1 323.1; 324.2 d1/w1 1
592.1 592.1 592.3 4 596.1 596.2 x2 1
610.1 610.3 610.1 6 616.1 614.2; 615.2;
616.2
w2 1, 2
632.1 632.2 632.1 5 637.1 n.o. c2 —
650.1 650.4* 650.0* 7 657.1 n.o. d2 —
730.1 730.1 730.2 6 736.2 735.3; 736.2 a3 2 B3 2
841.2 841.2 841.3 8 849.2 848.4 a3/z3 2
859.2 859.5 859.3 10 869.2 868.7 b3/y3 1
921.1 921.2 921.2 9 930.2 929.2 c3/x3 2
939.2 939.3 939.3 10 949.2 947.3; 948.3 d3/w3 2
1012.2 n.o. n.o. 7 1019.2 n.o. [M 2 G] —
1037.2 1037.3* 1037.2 9 1046.2 1047.9** [M 2 T] 1
1052.2 n.o. n.o. 8 1060.2 n.o. [M 2 C] —
1163.2 1164.2 1162.2 11 1174.3 1174. [M] 0
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middle, suggesting we reconsider the origin of w2 from
the tetramers. It may be that, in addition to first-
generation cleavage of the phosphodiester bond, which
is caused by the steric stress, the middle part of an ion
is, for some unknown reason, unusually prone to cleav-
age. This aspect could also be responsible for generation
of w2 and [a3 2 B3] of d(TTTG).
In contrast to w3, x3 appeared as a singlet after
deuteration, and its m/z value is 1 less than that of the
fully deuterated species. This ion, therefore, is a second-
generation species. The fragment [x3 2 B5] is also de-
tected, and its m/z values are 1 and 2 u less than the fully
deuterated species; therefore, the fragment is at least
third generation. The formation of this ion is evidence
for fragmentation cascades [20] in the negative-ion
mode and also shows clearly that high-PA bases are
preferably cleaved.
DNA 6-mers Carrying Methylphosphonate
Modifications
To provide additional evidence for stabilization of
nucleobases by zwitterion formation, we investigated
DNA constructs that carry one or two methylphospho-
nates in their backbone. By blocking the ability to carry
a negative charge on particular phosphate groups, we
hoped to influence the zwitterion formation in an
informative way. We investigated d(Tp*GTTCT),
d(TGp*TTCT), d(TGTTp*CT), and d(Tp*Gp*TTCT) in
the positive- and negative-ion modes [see Figure 3 for
the PSD spectra of d(TGTTp*CT)].
By substituting the fourth phosphate group with a
methylphosphonate, we expected to see a clear decrease
of the fragmentation yield in the negative ion mode.
Indeed, we needed higher laser fluences in the negative
compared to the positive-ion mode for these modified
hexamers. Nucleobase G should be stabilized via for-
mation of the tripolar complex, and loss of nucleobase C
should be impaired owing to the absence of a 59
neighboring phosphate group, which is a proton source.
What is observed, however, is a clear signal for [M 2
H 2 GH]2 and a weak signal for [M 2 H 2 CH]2. The
most abundant product is [a5 2 B5], indicating that the
base 5 (C) is lost to a large extent. Hexadeoxyoligo-
nucleotides seem to be more flexible, and zwitterion
formation is presumably not restricted to the neighbor-
ing phosphate groups. This is supported by the simi-
larity of the fragmentation patterns in both ion modes,
suggesting that the fragmentation is controlled by pro-
tonation of a nucleobase by either the positive excess
charge or via zwitterion formation for negative ions.
Conclusions
The driving force for fragmentation of small oligode-
oxynucleotides is the loss of a neutral nucleobase from
both positive and negative ions. Proton transfer to the
nucleobase gives rise to at least a transient zwitterion,
Table 6. List of fragments of d(TGTTCT). The experimental m/z values for ions seen in the positive-ion mode are also given. Low
abundance fragments are designated with *, poorly resolved signals with **, and “not observed” ions with n.o.
Monoisotopic native masses
D max
Monoisotopic deuterated masses
Fragment generation
Positive ions
HPA expt.Calculated HPA expt. ACCH expt. Calculated ACCH expt.
592.1 n.o. 592.0 4 596.1 595.9 x2 1 n.o.
604.1 n.o. 607.0 5 612.1 609.8* a3 2 B3 2 T 3 n.o.
610.1 610.4 610.0 6 616.1 614.9; 615.9 w2 1 n.o.
622.2 n.o. 625.1 6 631.1 628.7*; 629.8* b3 2 B3 2 T 3 n.o.
632.09 n.o. 632.0 5 637.1 636.7 c2 1 n.o.
767.1 n.o. 766.9 3 770.2 768.7* x3 2 B5 2 H2O 3 n.o.
785.1 785.5 785.0 4 789.2 786.7; 787.9; 788.9 x3 2 B5 2 787.0
834.2 n.o. 834.0 8 842.2 n.o. y3 — n.o.
856.2 n.o. 856.1 7 863.2 861.9*; 862.8* a3 1, 2 n.o.
874.2 n.o. 874.0 8 882.2 882.0 b3 1 n.o.
896.1 896.6 896.0 7 903.2 901.7 x3 2 n.o.
914.1 914.5 914.0 8 922.2 921.8 w3 1 n.o.
936.1 n.o. 963.0 7 943.2 942.8 c3 1 n.o.
1218.2 1219.2 1218.1 10 1228.3 1225.9; 1226.7; 1227.7 w4 2 1220.2
1240.2 n.o. 1240.3 9 1249.2 1247.8*,**; 1248.8*,** c4 1, 2 n.o.
1338.2 1339.4 1338.3 10 1348.3 1346.1; 1346.9; 1348.0 a5 2 B5 2 1340.2
1449.3 1449.8 1449.0 12 1461.3 1460.0 z5 1, 2 n.o.
1449.3 1449.8 1449.0 12 1461.3 1460.0 a5 1, 2 n.o.
1529.2 n.o. n.o. 12 1541.3 1541.1 x5 1 n.o.
1529.2 n.o. n.o. 12 1541.3 1541.1 c5 1 n.o.
1547.2 1547.1 1547.3 14 1561.3 1561.1 d5 1 n.o.
1547.2 1547.1 1547.3 14 1561.3 1561.1 w5 1 n.o.
1620.3 1620.5 1620.3 11 1631.4 1630.9 [M 2 G] 1 1622.4
1645.3 n.o. 1645.3 13 1658.4 1658.6 [M 2 T] 1 n.o.
1660.3 1660.4 1660.2 12 1672.4 1672.4 [M 2 C] 1 1662.3
1771.3 1771.3 1771.3 15 1786.4 1786.4 [M] 0 1773.3
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which weakens the N-glycosidic bond to the point of
cleavage. In the negative-ion mode, the excess negative
charge may in some cases interact with a zwitterion,
counterbalancing the depolarizing effect of the positive
charge on the nucleobase with the two nearby nega-
tively charged phosphate groups. Furthermore, the
formation of the zwitterion itself could attract the
negative excess charge to this side. Terminal bases are
more likely to be lost because there is no second
adjacent phosphate group to contribute stabilization.
Higher laser fluences were required to obtain PSD
fragments for DNA tetramers as negative ions, but not
for hexamers, compared to those needed to produce
positive-ion fragments. Presumably, there is more sta-
bilization of nucleobases by the tripolar complex for
tetramers. For the hexamers studied here, only one
zwitterion at a time can be stabilized by the excess
negative charge, leaving the second nucleobase suscep-
tible to being lost.
The tripolar complex may impact the fragmentation
behavior of tetramers in another way. The stabilization
of the positive charge by interaction with two adjacent
negative charges on the backbone places the whole ion
under steric stress, thus producing weak spots that lead
to backbone cleavages in the first generation of frag-
mentation. In addition, a first-generation w3 from hex-
amers suggests a facile cleavage point in the middle of
a negative ion.
Successive fragmentation, which can be identified by
the deuterium content of product ions, occurs but not as
fragmentation cascades (as could be observed in the
positive ion mode for poly-T rich DNA 4-mers). For
positive ions, the charge is transferred from one nucleo-
base to a neighboring one, facilitating fragmentation.
Negative, T-rich tetramers are exceptional because frag-
mentation is suppressed. As the length or the content of
high PA nucleobases increases, the negatively charged
oligodeoxynucleotide becomes as labile as a positively
charged species. Results with oligomers containing
methylphosphonates show that proton transfer occurs
more readily for hexamers than for smaller oligomers.
PSD of MALDI-produced, negatively charged oli-
godeoxynucleotides are similar to the low-energy colli-
sion activated decomposition (CAD) of ESI-produced
precursor ions, at least up to MS2. The loss of a non-T,
high-PA base from a tetramer is less pronounced when
the precursors are formed by ESI and activated in the
trap [26]. Following the loss of the 39 terminal base from
an ESI-produced tetramer, water is nearly exclusively
eliminated, but this is not detectable in the PSD of
MALDI-produced ions. We note that PSD is of rela-
tively hot ions on a microsecond time scale, whereas
CAD in an ion trap is of low-energy ions on the
millisecond time scale. The ion trap provides sufficient
time for precursor to reach a state where fragmentation
is facile, which would explain the observation that
high-PA bases are lost from tetramers. Furthermore, the
extent of fragmentation in the trap was set to be approx-
imately 90%, whereas in the MALDI experiment, the
extent is poorly controlled and is approximately 1% or less.
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